Introduction
Description of phase diagrams is an important task for all researchers over the world. A good way to present phase diagram is by combination experimental results and Calphad method [1, 2] . As a result of combining, these two methods will be a reliable description of total Gibbs energies of phases. By using software such as OpenCalphad [3] , ThermoCalc [4] , Pandat [5] and many other for visualization of the phase diagram will result in a faster and easier work for industry in their way of searching for best practically applicable alloys. According to this knowledge that Cu and Cu-based alloys have a wide variety of application in a different discipline, investigations of Cu alloys is necessary. The largest user of copper is building industry (roofing, cladding, heating and rainwater system, water pipes, oil and gas lines, electrical wiring, etc.), electronic industry, transportation and many others. Such wide applications of copper is due to the reason that copper is tough, ductile and malleable materials and key properties of copper alloys are excellent electrical and heat conductivity, good erosion, corrosion and biofouling resistance, high strength, good machinability, non-magnetic, etc. [6] [7] [8] [9] [10] [11] . It is important that all used copper is recyclable without any loss of quality. Also copper can easily make alloys with a lot of elements [12] [13] [14] [15] . The most important copper alloys are divided into four families, pureampoules, sealed under vacuum and annealed at 200°C for three weeks and quenched into ice water in order to preserve the equilibrium compositions at designated temperature. The average weight loss of the samples during annealing was less than 0.5 mass %.
The compositions of samples and coexisting phases were determined using JEOL JSM-6460 scanning electron microscope with energy dispersive spectroscopy (EDS) (Oxford Instruments X-act).
Powder XRD data for phase identification of samples were recorded on a D2 PHASER (Bruker, Karlsruhe, Germany) powder diffractometer equipped with a dynamic scintillation detector and ceramic X-ray Cu tube (KFL-Cu-2K) in a 2θ range from 10° to 75° with a step size of 0.02°. The patterns were analyzed using the Topas 4.2 software, ICDD databases PDF2 (2013).
Phase transition temperatures were determined by DTA method. The DTA measurements were performed on a DTG-60H (Shimadzu). Alumina crucibles were used and measurements were performed under flowing argon atmosphere. Samples weighing between 20 and 30 mg were investigated at a heating rate of 5 o C/min with three cycles of heating and cooling. The sample masses and heating rates were determined by analysis of one sample at different testing conditions. The reference material was empty alumina crucible. The overall uncertainty of the determined phase transformation temperatures was estimated to be ±1 o C.
literature data

The ternary Bi-Cu-Ga system
Up to now in the literature there, exists one paper [16] related to ternary Bi-Cu-Ga system. Gurešić et al. [16] investigated the effect of chemical composition on the microstructure, hardness and electrical conductivity profiles of the Bi-Cu-Ga alloys at 100 °C. Properties and phase relation are investigated on 27 ternary alloys. Alloys are experimentally examined with different techniques such as SEM-EDS, XRD, LOM, hardness by Brinell and Vickers and electrical conductivity. In the paper is presented calculated isothermal section at 100 °C, which is calculated by using data for constitutive binary systems from literature [17] [18] [19] . As the experimental data obtained by EDS are in agreement with calculated phase diagram, the solubility of third element into the binary intermetallic compound is neglected and no ternary compound is found. The crystal structure data for the solid phases in the ternary system are listed in Table 1 .
The binary systems
The three binary systems which are constitutive systems of this ternary Bi-Cu-Ga system are investigated extensively by a lot of groups. In this work, the thermodynamic parameter for the binary systems are taken from literature [17] [18] [19] . Calculated phase diagram Bi-Ga [17] , Bi-Cu [18] and Cu-Ga [19] are presented in Figure 1 .
Binary Bi-Ga is a monotectic system, while Bi-Cu system is simple eutectic system and both are consists of two solid solutions and liquid phase. On binary BiGa at a temperature above 221°C at Gallium rich part liquid phase shows miscibility of the gap. Binary CuGa is more complicated in comparison with other two binary systems. In this system, 11 different phases appear.
Experimental results
Isothermal section at 200 o C
Phase equilibrium at 200 o C has been investigated with 13 ternary alloys by using SEM-EDS and XRD method. The composition of the samples is checked by mapping entire polished surface of the samples. In Table 2 are given results of the composition of samples and phases determined by the SEM-EDS method. Results of XRD analysis are also given in Table 2 together with calculated lattice parameters. Lattice parameters are determined by using full Rietveld refinement and Topas software. The phases determined with these two methods are in agreement with each other. The same phases detected with SEM-EDS are confirmed with XRD. Results presented in Table 2 , confirmed the existence of seven different phase regions. Samples marked with numbers 5, 6, and 13 determined same two-phase regions, (Cu)+(Bi). In the equilibrium of samples 3, 8, and 11, the same three-phase regions were determined, (Bi)+γ 3 +CuGa 2 . Samples 4, 9, and 10 are from three-phase region L+(Bi)+CuGa 2 . In microstructures of the samples, 1 and 7 are two different three-phase regions (Cu)+(Bi)+ζ' and (Bi)+ζ'+γ 1 , respectively. Samples 2 and 12 are confirmed to be in two different two-phases regions (Bi)+γ 1 and (Bi)+γ 3 , respectively. EDS results of four detected binary intermetallics compound (ζ', γ 1 , γ 3, and CuGa 2 ) show small solubility of the third element. Solubility in most cases is smaller than 2 at. % except for samples 8 and 10. Intermetallic compound γ 3 detected in sample 3 dissolves 2.63±0.2 at.% of Bi and intermetallic compound CuGa 2 detected in sample 10 dissolves 2.45±0.6 at.% of Bi. The detected solubility of Ga and Cu into solid solution (Bi) is small for most samples, except for sample 13, where the amount of Ga reaches 2.03±0.2 at. %. Solid solution (Cu) dissolves a small amount of Bi and a significant amount of Ga, but according to the study of the binary systems, this was expected. The maximum solubility of Ga into (Cu) solid solution at 200 0 C temperature is ≈18 at.% of Ga. In Figure 2 are given eight BEC micrographs of samples with marked phases.
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Vertical sections
Phase transition temperatures of the 14 selected samples along three vertical sections were experimentally determined using DTA method. Solid stable transition temperatures were determined from the onset of the corresponding peak. The liquid temperatures were evaluated from the peak maximum. Obtained DTA data are given in Table 3 . Temperatures presented in Table 3 are taken from the first heating cycle. 
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thermodynamic modeling
The Bi-Cu-Ga ternary system was thermodynamically assessed by CALPHAD method [1, 2] using Thermocalc software package [4] . Thermodynamic parameters for constitutive binary systems were taken from literature [17] [18] [19] .
After a critical evaluation of experimental results and literature data in this work, the Liquid phase is thermodynamically assessed and, all other phases are treated as pure binary phases. The detected solubility of the third element in γ 3 (sample 3) and CuGa 2 (sample 10) is not considered in the modeling because this was considered as an error due to the fact that other results of this compound detected small solubility of the third element. Also, the solubility of Ga (sample 13) into solid solution (Bi) is not used in the modeling because this large amount is detected just in one sample.
Unary phase
The thermodynamic parameters for Bi, Cu, and Ga were taken from the literature published by Dinsdale [28] , which are described by Eq. 1.
( 1) where is the molar enthalpy of the elements i at 298.15 K and 1 bar in standard element reference (SER) state, T is absolute temperature.
Solution phases
The ternary solution phases φ (φ=liquid) is treated as a substitutional solution. The Gibbs free energy is expressed by Redlich-Kister polynomial [29] : (2) where x Bi , x Cu and x Ga are molar fractions of elements Bi, Cu, and Ga, respectively.
are the Gibbs energies of Bi, Cu, and Ga in φ phase. R is gas constant, T temperature, and corresponds to the contribution of the ideal entropy of mixing to the Gibbs energy.
are interaction parameters from the corresponding binary systems [17] [18] [19] . The term in Eq. 2 is the ternary excess Gibbs energy, which is expressed as: (3) where are ternary interaction parameters which are described by using Kaptay equation [30, 31] : (4) where h i is the enthalpy part of interaction energy and  i is a special temperature.
thermodynamic modeling and calculations
Based on literature data and present experimental data, the thermodynamic optimization of Bi-Cu-Ga system has been performed. The optimization of the parameters was conducted using the PARROT module based on a least square procedure. The thermodynamic parameters for liquid phase obtained in this work and literature parameters taken from the literature are present in Table 4 in the unit of J/mol of the atom.
All of the binary compounds are treated as pure binary ones since the solid solubility for the third element in most cases is negligible. In Figure 3 is presented calculated isothermal section at 100 0 C compared with experimental data from literature [16] . 
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. In Figure 5 are presented calculated vertical sections compared with experimentally determined temperatures of the phase transformation. As can be seen from Fig. 5 , the calculations are in agreement with most of the experimental data.
Cu Va Ga Ga
By using optimized parameters presented in this study liquidus projection was calculated and presented in Fig. 6 .
In Figure 7 are given magnified part of liquidus projection. Positions of magnified parts are marked in figure 6 .
Furthermore, from the presented liquidus surface projection, the existence of sixteen invariant reactions is suggested. The calculated temperatures of invariant equilibria and the corresponding compositions of liquid phases are listed in Table 5 . One reaction is a peritectic type marked with symbol P, and fourteen reactions are univariant type marked with symbol U and the least one is a eutectic type with symbol E. 
conclusions
The ternary Bi-Cu-Ga system was experimentally investigated using DTA, SEM-EDS and XRD methods and assessed using the CALPHAD approach. Phase transformation temperatures were detected by using DTA measurement on 14 alloy samples from three vertical sections.
The isothermal section at 200 °C was investigated with 13 ternary alloys with SEM-EDS and XRD methods. Seven different phase region were detected with SEM-EDS and XRD method. The calculated isothermal section at 200 °C shows thirteen phase region from which seven are experimentally confirmed.
Based on present experimental data and literature data, a thermodynamic modeling of the Bi-Cu-Ga system was performed. Generally, a satisfactory agreement between calculated results and experimental data is reached. Liquidus surface projection of the ternary Bi-Cu-Ga system was calculated in which these are sixteen invariant reactions. 
